VIBRATION PROPAGATION IN SUBSOIL: IN-SITU TESTING AND NUMERICAL ANALYSES by PRADELOK, Stefan & ŁUPIEŻOWIEC, Marian
VIBRATION PROPAGATION IN SUBSOIL:
IN-SITU TESTING AND NUMERICAL ANALYSES
Stefan PRADELOK a*, Marian ŁUPIEŻOWIEC a
a PhD; Faculty of Civil Engineering, The Silesian University of Technology, Akademicka 5, 44 100 Gliwice, Poland
*E-mail address: stefan.pradelok@polsl.pl
Received: 1.07.2016; Revised: 28.11.2016; Accepted: 21.12.2016
A b s t r a c t
This paper presents results obtained with the use of accelerometers during in-situ testing and its comparing with results
from numerical simulations. Horizontal accelerations of propagating impulses caused by driving the prefabricated piles
were recorded. Range of the quakes as well as amplitudes of longitudinal and transverse horizontal accelerations of prop-
agating vibrations on the terrain surface were determined.
The recorded results were used to calibrate the numerical model of the finite element method. The most important factor
influencing the propagation of impacts is the phenomenon of damping of the propagating wave in the soil. The mechanism
of damping proposed by Rayleigh was used in the analysis, which, when selecting the appropriate parameters of the model,
is able to realistically simulate the observed phenomena. The soil, in which the propagation of impulses occurred, was
described with the use of linear-elastic model. Modulus of deformation correspond to the values of small deformations,
which occur during the wave propagation in the subsoil. The impulse giving vibrations was caused by the falling hammer
on the driven pile. The axial symmetry of the border condition was used in the analyses.
The results of numerical simulations were compared with the results of field measurements of accelerations at different dis-
tances from the source of vibration. A good consistency of acceleration amplitudes in the direction of vibration propagation
was achieved and it depended on the distance from location of the driven pile. The obtained results will be used in the future
to assess the extent of the impacts on the environment and values of acceleration on elements located in the vicinity of the
structure.
S t r e s z c z e n i e
W artykule przedstawiono wyniki uzyskane za pomocą akcelerometrów podczas badań in-situ. Rejestrowano przyspieszenia
poziome rozchodzących się wstrząsów powstałych podczas wbijania pali prefabrykowanych. Określono zasięg wpływu
wstrząsów, jak i amplitud podłużnych i poprzecznych przyspieszeń poziomych rozchodzących się drgań na powierzchni
terenu.
Zarejestrowane rezultaty zostały wykorzystane do kalibracji modelu obliczeniowego metody elementów skończonych.
Najbardziej istotnym czynnikiem mającym wpływ na propagację oddziaływań jest zjawisko tłumienia propagującej fali
w ośrodku gruntowym. W analizach wykorzystano mechanizm tłumienia zaproponowany przez Rayleigha, który przy
doborze odpowiedniej wartości parametrów modelu, jest w stanie realistycznie symulować obserwowane zjawiska. Ośrodek
gruntowy, w którym następowała propagacja oddziaływań, opisywano modelem liniowo-sprężystym. Moduły odkształcenia
odpowiadały wartościom dla małych odkształceń, które występują przy propagacji fal w podłożu gruntowym. Impuls
powodujący powstanie drgań powodowany był przez spadający młot do wbijania pali. W analizach wykorzystano osiową
symetrię rozwiązywanego zagadnienia brzegowego.
Wyniki symulacji numerycznych zostały porównane z wynikami pomiarów terenowych przyspieszeń w różnych odległościach
od źródła drgań. Uzyskano dobrą zgodność amplitud przyspieszeń w kierunku rozchodzenia się drgań w zależności
od odległości od miejsca wbijania pala. Uzyskane rezultaty analiz posłużą w przyszłości do oceny zasięgu oddziaływań na
otoczenie oraz wartości przyspieszeń na elementach znajdujących się w pobliżu konstrukcji.
K e y w o r d s : Pile driving; Technological impacts; Soil vibrations; Field tests; FEM dynamic analysis.
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1. INTRODUCTION
Currently, most of the ongoing works related to the
soil strengthening, which also include pile driving, are
accompanied by destructive impacts affecting the sur-
roundings. These impacts may result in creating
cracks or even destruction of structures located near-
by. As these technologies are very effective and usual-
ly provide the optimal foundation of the structure,
particularly important is the ability to estimate the
extent of shocks as well as amplitudes of propagating
vibrations. The field tests are the most important in
monitoring process of the impact of the construction
works [1-8]. They enable the in-situ measurement of
propagating shocks. On their basis, dynamic analysis
of the structure in relation to the sensitivity to scratch-
ing and failures resulting from this will be possible
[9-13]. No less important is the possibility to predict
the impacts on the surroundings through the theoret-
ical analysis of vibration propagation in the subsoil.
These analysis should be based on the identified soil
conditions and parameters of adopted technology of
the soil strengthening [14, 15]. The theory must be
verified by performing the in-situ tests [16-19], which
enables the verification of the assumptions when
modelling the given problem.
2. QUAKES ACCOMPANYING GEOENGI-
NEERING WORKS
Vibration propagation near the geoengineering
works with the use of impulses can be divided into
two groups. The first is the vibrations, which are
caused by soil compaction rollers, sheet piling, etc.
These impulses are characterized by relatively small
amplitudes of accelerations and high vibration fre-
quencies. However, the extent of their impulse is
small (typically ranging from a few to several meters).
The second source of vibrations are the impulses
caused by the dynamic consolidation, formation of
stone columns with the use of the dynamic exchange
method as well as installation of piles and sheet piles.
Here, the vibrations are caused by the impulses of
significant energy, which directly generate vibrations
harmful to the surroundings. Induced accelerations
amplitudes often exceed 1 m/s2 and the area of the
impulse may range from a few dozen to a few hun-
dred meters [20].
Wave propagation in the subsoil depends on the type
of soil. The greater is the soil stiffness, the greater is
the propagation extent. Frequency, at which the
vibration propagation occurs, is also important. It
usually ranges from a few to several Hertz. In some
cases it may coincide with frequency of proper vibra-
tions of the structures located nearby. This may cause
cracks on them even if the building generated defor-
mations are small (of the order of 10-4–10-5), there-
fore, the values of parameters characterizing soil
stiffness must correspond to the values of deforma-
tions occurring during wave propagation in the soil
[15, 21-23].
Driven Pile foundation enables to take over significant
loads, both compression and extension. Benefits of this
technology include a relatively homogeneous founda-
tion of the structure as well as not worsen soil around
the pile, which is a disadvantage of drilled piles.
Furthermore, piles driving have an impact on addition-
al soil compaction, especially under the base of the
pile. The fact that capacity of each pile is automatical-
ly controlled during the process of driving is significant.
In order to assess the potential risks associated with
driving of prefabricated piles, monitoring of vibra-
tions of existing structures located in close proximity
is conducted [1-4]. Accelerometers measuring the
accelerations in particular directions are used in the
monitoring process. They are attached to the affect-
ed structure. Terrain vibrations are often monitored
at several points, located on the section connecting
the driven pile with the nearest element of the exist-
ing structure. Measurement of horizontal accelera-
tions at these points enables to assess the wave prop-
agation in the subsoil and, as a result of this, risks to
the monitored buildings [14].
3. FIELD TESTS
Tests were performed next to the existing road bridge
where a pedestrian bridge was under construction.
The footbridge was designed as a structure suspend-
ed to one pylon. Pylon will be fixed in a closed box
foundation. Box foundation was designed as interme-
diate on driven prefabricated piles with cross-section
of 40x40 cm and length of 13.6 m. 42 prefabricated
piles will be anchored to the bottom flange of the box
with 6 rows and 7 piles in each row.
The installation process of prefabricated piles was
done with the use of piling machine equipped with a
hydraulic pile driver: JUNTTAN PM20 equipped
with a 5 tonne hydraulic hammer HHKA. In Fig. 1
the location of the existing road bridge with respect
to the foundation of the pylon of the footbridge is
shown.
Field tests were done by the Field Testing Team of the
Roads and Bridges Department from the Silesian
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University of Technology. Those tests included the
measurement of the horizontal vibrations at seven
points on the terrain located on the section connect-
ing the driven pile and the nearest corner of the exist-
ing road bridge [23].
The measurement set used in the test was built in the
Department of Roads and Bridges, the Silesian
University of Technology, within the scientific and
research activities [24, 25]. It consists of:
• laptop Acer TravelMate 4050;
• 16-bit PCMCIA card of type
DAQCARD-AI-16XE-50;
• aggregation card;
• three acceleration sensors with the acceleration
range ±5 g and frequency range 1÷40 Hz.
The used card is a universal tool and its programmat-
ic adaptation to the needs of testing bridge was nec-
essary. For this purpose, some special software for
recording, monitoring and data analysis from the
recorded time courses was created. The graphical
programming language of the integrated system
LabVIEW from National Instruments, which allows
the use of ready functions and procedures, prepared
in the form of so-called virtual instruments, was used.
Horizontal vibrations of the soil were recorded on
the surface. Accelerometers were mounted to the
steel angle section L40x40x4 with length of 0.71 m
driven in the soil to a depth of 0.57 m. Accelerations
in two perpendicular horizontal directions were
recorded: in the longitudinal direction (connecting
the centre of the pile with the corner of the bridge)
and in the transverse direction.
Soil vibrations were recorded on the second day of
testing. The first row of piles was already in place
during the recording of results. The recorded results
relate to the soil vibrations during driving of prefab-
ricated piles in the second row. The extreme values of
horizontal accelerations (amax and amin) of the soil
with their range (λa=amax-amin) are presented in
Table 1. The location of the measurement points
T11÷T72 is shown in Fig. 2.
The maximum range of these soil accelerations at the
measurement point located at the corner of the road
bridge (measurement point T11, the distance from
the driven pile 18.8 m) is λa=0.599 m/s2 [26]. As the
distance from the measurement points to the driven
prefabricated pile decreases, the recorded values
increase. The greatest range of horizontal accelera-
tions of the soil was recorded at the point T61 (dis-
tance from the driven pile 4.00 m), whereλa=20.343 m/s2. A decrease in the recorded values at
the points located behind the existing retaining wall
(points T31 and T32, distance from the driven pile
11.00 m) and behind the already driven first row of
prefabricated piles (points T71 and T72, distance
from the driven pile 1.50 m) can also be observed.
Acceleration range, compiled in Table 1 acceleration
ranges (λa) are also shown in the diagram (Fig. 7),
are compared with the numerical results. Examples
of the horizontal accelerations recorded at the mea-
surement point T61 are shown in Fig. 3. Within 10
seconds the hammer hit 12 times. It gives the pile dri-
ving frequency f = 12/10 = 1.20 Hz.
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Figure 1.
View of the piling machine JUNTTAN PM20, installed pre-
fabricated pile and existing road bridge
Table 1.
Extreme values of recorded horizontal accelerations of the
soil
Measure-
ment
point
Distance
from the
pile
Horizontal accelerations of the soil
Longitudinal (T_1) Transverse (T_2)
amax amin λa amax amin a
[m] [m/s2] [m/s2] [m/s2] [m/s2] [m/s2] [m/s2]
T1_ 18.80 0.363 -0.236 0.599 0.267 -0.309 0.576
T2_ 14.00 1.119 -0.812 1.931 0.940 -0.827 1.767
T3_ 11.00 0.669 -0.626 1.295 0.682 -0.912 1.594
T4_ 8.00 4.787 -2.892 7.679 3.395 -4.119 7.514
T5_ 6.00 11.832 -6.205 18.037 5.148 -7.553 12.701
T6_ 4.00 8.311 -12.032 20.343 8.460 -3.223 11.683
T7_ 1.50 8.380 -5.197 13.577 4.433 -5.574 10.007
Figure 2.
Locations of measurement points T11÷T72
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It is difficult, however, to analyse the recorded accel-
erations shown in Fig. 3. Large acceleration ampli-
tudes and the time when the pile driving stopped are
only visible. The10-second fragment of the recorded
signal and stretching the graph along the time axis
(horizontal axis), as well as the impulse of the ham-
mer while installing the pile can be clearly seen
(Fig. 4).
The analysis of a two-second fragment of the record-
ed signal (Fig. 5) shows the moments of pile driving
with the use of hammer. The frequency of pile driving
can also be specified as approx. 1.20 Hz. However, a
significant damping of the soil appears. With each
hammer blow, two significant acceleration ampli-
tudes with opposite signs and then a few more, quick-
ly fading amplitudes of much smaller values, were
recorded.
4. NUMERICAL ANALYSIS OF WAVE
PROPAGATION IN THE SUBSOIL
The problem of vibration propagation in the soil
caused by the impulse of the hammer installing the
pile was analysed by solving the initial-boundary
problem described by the equation of motion:
Mü+Cu˙+Ku=P(t) (1)
In Eq (1) the above formula u is the sought vector of
displacement, and the M, C and K are respectively
matrices of inertia, damping and stiffness. Vector of
force P(t) is the force, which in the case under con-
sideration is the action when the hammer fall on a
pile. Standard geotechnical boundary conditions are
used. Initially (t0=0) displacement in all points are
equal zero. An adequate description of the damping
mechanism, which has a decisive influence on the dis-
appearance of the vibrations in the substrate, direct-
ly affects the extent of the impulse. In the dynamic
analyses, the damping mechanism can be assumed in
the form proposed by Rayleigh [27, 28]:
C = α M+β K (2)
Constants α and β are the damping parameters.
Parameter α describes damping in the range of low
frequencies (hysteresis damping) and parameterβ – damping in the range of high frequencies (viscous
damping).When solving the stated in the article prob-
lem, it was assumed that α = 1.0 s-1 andβ = 0.03 s [29]. The finite element method was used
to solve the given problem and the calculations were
done with the use of Z_Soil package [30]. Finite ele-
ment nets of the presented model is shown in Fig. 6.
On the basis of the displacements in each point of the
model at any time t, the velocities and accelerations
during the wave transition resulting from the shocks
are determined. When building a numerical model, a
row of already installed piles at a distance of 1.0 m
and a reinforced concrete retaining wall at a distance
of 11 m from the driven pile were taken into account.
These elements, due to the greater stiffness than the
surrounding soil, have a significant impact on the
obtained results.
The soil substrate is built in the upper part of the
embankment, under which there are layers of warp
(0.3 m) and silty clay in plastic state of
IL=0.35 (0.5 m), separated by a layer (1.3 m) of medi-
um dense medium sands of ID = 0.55, which can also
be found below. In Fig. 6, the locations of accelerom-
eters (T1÷T7), are shown. In points (T1÷T7) the
results of theoretical analysis were compared with
results from field tests.
An axial symmetry of the presented model was used
in the simulations, because the impact on the sur-
roundings will propagate in the radial direction from
the point of drop of the hammer hitting the pile. A
model used in the analysis is of dimensions: 50 m in
the horizontal direction and 25 m inland. Boundary
conditions are standard geotechnical conditions (of
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Figure 3.
Examples of horizontal accelerations recorded at the mea-
surement point T6. Vertical axis – acceleration [m/s2].
Horizontal axis – time [s]
Figure 4.
10-second fragment of the horizontal acceleration recorded
at the measurement point T6. Vertical axis – acceleration
[m/s2]. Horizontal axis – time [s]
Figure 5.
A two-second fragment of the signal recorded at the mea-
surement point T6. Vertical axis – acceleration [m/s2].
Horizontal axis – time [s]
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“box” type). The initial condition for the elements of
the hammer are the velocity at which it hits the pile
(5.4 m/s – resulting from a fall from a height of 1.2 m)
and the zero value of displacements as well as veloci-
ties in other nodes at the time t = 0. In order to pre-
vent reflection of the propagating wave from the
edge, the infinite elements were used in the analyses,
whose task is to simulate the energy absorption after
the wave has passed.
In the analysis, a linear-elastic material model of the
soil was used, keeping the layers in the substrate. The
most important parameter of this model is the mod-
ulus of deformation (elasticity) E. Assuming the
appropriate value of this parameter in the calcula-
tions is a very difficult task as the modulus of the soil
is highly variable in the range of small deformations.
This phenomenon occurs in the vibration propaga-
tion [11, 31-33]. The E values are often many times
larger than the characteristic values, e.g. in the analy-
sis of the foundation settlement. The values of mod-
ulus assumed in analysis are shown in Table 2.
Adopting in the calculations a simple, linear-elastic
soil material is an appropriate way in this case study
as the extent of the impact of quakes on the sur-
roundings mainly depends on the damping material,
in which the wave propagation occurs. Formation of
plastic deformations and related stress redistribution
is of secondary importance.
Integration of the equations of motion was carried
out with the use of implicit Newmark scheme [32].
When solving the problem, the response of the
analysed soil on the induced single pulse within 10
seconds from its occurrence was analysed. Assumed
time step was 0.01 s. The simulations omitted the fact
that after the given pulse, the next one occurs from
the next hammer blow.
5. RESULTS AND DISCUSSION OF
NUMERICAL ANALYSES
From the conducted simulations, values of displace-
ment for all nodes of the grid in each of the consid-
ered time steps were obtained [34]. On this basis, in
each calculation step, it was possible to determine the
velocity and acceleration in the longitudinal direction
(direction of vibration propagation) and the vertical
direction. Due to the assumed simplification (axially
– symmetric state), analysis of the horizontal acceler-
ations in a perpendicular direction to the propaga-
tion of actions is not possible. The maximum values
(amplitudes) of accelerations in each of the 7 loca-
tions of accelerometers were compared with the val-
ues obtained from the field measurements (Fig. 7).
Values of longitudinal accelerations λa is the differ-
ence between the maximum and minimum value of
acceleration at the point under consideration and
represents an actual impact of the quake on objects
in the vicinity. Fairly good consistencies of the simu-
lation's results with the measurements in the range of
amplitudes of horizontal accelerations in the longitu-
dinal direction (the only quantities that can be com-
pared here) were obtained. In terms of quality (char-
acter of the change of acceleration amplitudes along
with the distance from the source of vibrations and
the effect of disturbance), this compatibility is very
good. The compatibility is, however, worse in terms
of quantity. In subsequent analyses, more exact spec-
ification of soil deformation and damping character-
istics will be important. An attention should be paid
to the impact (obtained from numerical analysis and
the field tests) of the rigid elements embedded in the
soil (a row of already installed piles and retaining
wall) on the obtained values of maximum amplitudes.
This indicates that the shocks are greater in a mater-
ial of greater stiffness. For proper identification of
the phenomenon, it would be necessary to carry out
field measurements prior to construction of piles and
retaining wall. Such investigations will be carried out
in subsequent projects. Piles and retaining wall cer-
tainly cause disturbances in wave propagation in the
soil, although their impact may vary. Fig. 7 shows the
increase of acceleration amplitudes in locations just
behind these elements. These impacts will be the sub-
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Table 2.
Elasticity modulus of soil layers used in the numerical analysis
Soil
Upper
embank-
ment
Warp
Consolid
ated silty
clay
Medium
dense
sand
Infinite
elements
Elasticity mod-
ulus E, MPa 30 10 30 150 200
Figure 6.
Geometrical model of the analysed boundary problem
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ject to further analysis of the issues posed.
Furthermore, Fig. 7 shows the characteristics of rela-
tionship of maximum values of accelerations in a
function of distance from the source of vibration and
vertical accelerations. There are results of performed
calculations. Vertical accelerations are particularly
negatively perceived by the people near the induced
load of the induced shocks, however, they are not as
a serious threat to the building structures as the
acceleration in the horizontal direction.
6. CONCLUSIONS
The field tests concerned the vibration propagation
in the soil and the range of its impact. The results
obtained from the conducted field tests are the con-
tribution to the analysis of the behaviour of the build-
ing structures subjected to dynamic forces due to the
shock propagation. The experimental results were
used for specification and verification of the numeri-
cal model.
The research on wave propagation in the soil result-
ing from the impulse (technological shock) is partic-
ularly important in relation to the use of impulse
methods in geotechnology. Increasingly, soil vibra-
tions occur during the realization of the works on
previously built-up areas. Vibration propagation
through the soil is harmful to the already existing
buildings. With the results from the field measure-
ments, the numerical model can be calibrated, which
allows conduction of many analyses and an accurate
estimate of anticipated impacts on adjacent struc-
tures.
With the forces in the form of repetitive impulses, the
adequate sampling rate is important to find a proper
character of the vibrations. A characteristic force pat-
tern, allowing determining the frequency range and
the damping, may be very short, up to several tenths
of a second. During this time, there are several peri-
ods of vibrations, which must be recorded with the
adequate accuracy. If the analogue (continuous) reg-
istration is not conducted, the digital registration
should be conducted with the sampling frequency of
at least 100 Hz.
During the field measurements, in addition to identi-
fication of the soil conditions, the existing surface ele-
ments, which may be the obstacles to the wave prop-
agation (such as sheet piling, palisades or even pre-
fabricated piles), should be inventoried. If the source
of vibrations is located near the object, analysis of the
induced frequency range is necessary. Particularly
important is the comparison with the proper fre-
quencies of this object located nearby. The appear-
ance of common bands (resonance) required a
detailed analysis and preventive measures to avoid
damage to the facility, especially during long-term
forces (a large number of driven piles).
A simple model of the analysed phenomenon, pre-
sented in this paper, describes in detail the effect of
the impacts on the surroundings. With the results
from the field measurements, the numerical model
can be easily calibrated, which allows conduction of
many analyses and an accurate estimate of anticipat-
ed impacts on adjacent structures. In order to obtain
more accurate results, it is necessary to adopt a more
complex model of damping mechanism than the one
used in these analyses. Moreover, obtaining ampli-
tudes of horizontal accelerations in the perpendicular
direction (transverse) to the vibration propagation
requires a full 3D analysis. However, the key issue is
the proper identification of the parameters, which
was adopted in the calculations. In the title problem,
the most important point is the deformational prop-
erties of the soil in the range of small deformations.
The most reliable values in this range can be obtained
on the basis of the high-class dilatometer and seismic
research.
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